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Abstract: 18 
Although the mean environmental lapse rate (MELR) value (a linear decrease of –6.5°C 19 
km–1) is the most widely used, near-surface (i.e., non-free-atmosphere) air temperature 20 
lapse rates (NSLRs; measured at ~1.5 m height) are variable in space and time because 21 
of their dependence on topography and meteorological conditions. In this study we 22 
conducted the first analysis of the spatial and temporal variability of NSLRs for 23 
continental Spain and their relationship to synoptic atmospheric circulation (Circulation 24 
Weather Types – CWTs), focusing on major mountain areas including the Pyrenees, 25 
Cantabrian, Central, Baetic, and Iberian ranges.  26 
The results showed that the NSLR varied markedly at spatial and seasonal scales, and 27 
depended on the dominant atmospheric conditions. The median NSLR values were 28 
weaker (less negative) than the MELR for the mountain areas (Pyrenees –5.17 °C km–1; 29 
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Cantabrian Range –5.22 °C km–1; Central Range –5.78 °C km–1; Baetic Range –4.83 °C 30 
km–1; Iberian Range –5.79 °C km–1) and for the entire continental Spain (–5.28°C km–31 
1). For the entire continental Spain the steepest NSLR values were found in April (–32 
5.80°C km–1), May (–5.58°C km–1) and October (–5.54°C km–1) because of the 33 
dominance of northerly and westerly advections of cold air. The weakest NSLR values 34 
were found in July (–4.67°C km–1) and August (–4.78°C km–1) because of the inland 35 
heating, and in winter because of the occurrence of thermal inversions. As the use of the 36 
MELR involves the assumption of large errors, we propose 1 Zonal, 12 Monthly, 11 37 
CWTs, and 132 hybrid Monthly-CWTs NSLRs for each of the mountain ranges and for 38 
the entire continental Spain. More regional studies are urgently needed to accurately 39 
assess the NSLR as a function of atmospheric circulation conditions. 40 
Key words:  Lapse rate; Air temperature; Mountain climate; Weather types; Complex 41 
terrain; Spain 42 
 43 
1. Introduction 44 
Although near-surface (i.e., ~1.5 m elevation above the ground) air temperature is not a 45 
challenging climate variable to extrapolate spatially, modeling in mountain areas can be 46 
associated with substantial uncertainties because of the complex topography (Barry, 47 
1992; Whiteman et al., 1999; Minder et al., 2010). In mountain areas the most common 48 
procedure for modeling near-surface air temperature involves using air temperature 49 
lapse rate, which is defined as the ratio of air temperature change per elevation unit, 50 
generally measured in degrees (ºC) per kilometer (km-1) (Fang and Yoda, 1988). The 51 
most widely used spatio-temporal fixed air temperature lapse rate is the mean 52 
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environmental lapse rate (MELR: –6.5°C km–1); this parameter was presented by Barry 53 
and Chorley (1987) as a global lapse rate calculated for the free atmosphere air 54 
temperature, and not for near-surface air temperature. However, caution is required in 55 
use of the MELR because of the spatio-temporal variability of near-surface air 56 
temperature lapse rates (Pepin et al., 1999, 2011; Rolland, 2003; Lundquist and Cayan, 57 
2007; Blandford et al., 2008; Minder et al., 2010; Dumas, 2013; Kattel et al., 2013; 58 
Miró et al., 2017), especially in areas covered by ice or snow (Braun and Hock, 2004). 59 
This is because the fixed MELR assumes no changes among seasons, synoptic 60 
conditions, or topographic complexity (Barry, 1992). 61 
Near-surface temperature lapse rates (NSLRs) are linear observed ratios between 62 
temperature and elevation, and they can be calculated for a specific or aggregated time 63 
and space. They are readily calculated, but this requires fine temporal and spatial data 64 
resolution to enable most of the variability to be represented. NSLR have been widely 65 
used in scientific fields including Glaciology, Hydrology, Forestry, Agricultural 66 
Sciences, and Ecology (Martinec et al., 1983; Running et al., 1987; Barringer, 1989; 67 
Pepin, 2001; Rolland, 2003; Hanna et al., 2005; Blandford et al., 2008; Minder et al., 68 
2010; Immerzeel et al., 2014). NSLRs can be calculated from maximum (NSLRmax), 69 
minimum (NSLRmin) or mean (NSLRmean) air temperatures, in line with Harlow et al. 70 
(2004) and Minder et al. (2010). Many scientists only used elevation to calculate NSLR 71 
(e.g., Immerzeel et al., 2014; Heynen et al., 2016), but air temperature changes are not 72 
only due to elevation. Therefore, more complex approaches including regional multiple 73 
regression analyses are needed to isolate the effect of elevation on air temperature from 74 
other geographical and topographical variables (e.g., latitude, longitude, slope, and 75 
continentality), which strongly affect the spatial variability of near-surface air 76 
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temperatures (Bolstad et al., 1998). In doing so, it may become possible to determine 77 
the specific elevation effect on the distribution of temperatures. Observed NSLRs and 78 
fixed MELRs can differ because the distribution of air temperatures are strongly 79 
dependent on the topography (Barry, 2001; Pepin, 2001; Marshall et al., 2007) and other 80 
atmospheric parameters such as air humidity, wind speed and wind direction, cloud 81 
cover, and radiative conditions (Kattel et al., 2013). Moreover, NSLRs vary between 82 
day and night because of the heat flux exchanges between the atmosphere and the 83 
ground surface (Gardner et al., 2009). In most situations near-surface air temperatures 84 
drop with increasing elevation. However, stable atmospheric conditions can reverse this 85 
effect forming valley cold pools (i.e., thermal inversions with warm air above, and cold 86 
air near the valley floor), especially during the winter months (e.g. Barry, 1992; 87 
Whiteman et al., 1999; Pagès and Miró, 2010). Cold-air pools are formed as a result of 88 
both cooling of the ground due to long-wave radiation and nocturnal down-slope winds, 89 
but more complex mechanisms help/avoid in their formation (Whiteman et al., 1999). 90 
Several studies have reported significant temporal variability in NSLR at daily and 91 
seasonal scales in various mountain regions including the Rocky (Kunkel, 1989; Pepin 92 
and Losleben, 2002; Blandford et al., 2008) and Appalachian (Bolstad et al., 1998) 93 
mountains in the USA, in China (Fang and Yoda, 1988; Tang and Fang, 2006; Du et al., 94 
2010), the Himalayan mountains (Kattel et al., 2013; Immerzeel et al., 2014), the Alps 95 
(Rolland, 2003; Dumas, 2013; Kirchner et al., 2013; Nigrelli et al., 2017), and polar 96 
areas (Marshall et al., 2007). These studies have reported steeper NSLRs under unstable 97 
atmospheric conditions, and marked differences in NSLR have been found as a function 98 
of synoptic conditions (Pepin et al., 1999, 2011; Pepin, 2001; Blandford et al., 2008; 99 
Holden and Rose, 2011; Kirchner et al., 2013; Miró et al., 2017). These findings 100 
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indicate that these effects need to be taken into account when analyzing the temporal 101 
and spatial evolution of the NSLR. 102 
Continental Spain (CS) and its mountain areas is a topographically complex region, and 103 
several studies have investigated the effect of changes in the frequency of weather types 104 
on various climate parameters (Trigo and Dacamara, 2000; Tomás et al., 2004; García-105 
Herrera et al., 2007; López-Moreno and Vicente-Serrano, 2007; Buisan et al., 2015a). 106 
However, the spatio-temporal variability of NSLRs in the region has only been 107 
investigated in a limited number of local studies in the Pyrenees (Puigdefábregas, 1969; 108 
Pepin and Kidd, 2006; Pagès and Miró, 2010). These few previous studies have 109 
analyzed the effects of regional topography on NSLRs comparing atmospheric model 110 
results with observed data, but none of them have investigated how different circulation 111 
weather types affect seasonal patterns of NSLR in the main mountain areas of CS. In 112 
addition, previous investigations analyzed daily maximum temperature lapse rates 113 
(NSLRdmax), daily minimum temperature lapse rates (NSLRdmin) and daily mean 114 
temperature lapse rates (NSLRdmean) separately, following Harlow et al. (2004) and 115 
Minder et al. (2010). It is important to clarify the sign of lapse rates. A steeper lapse rate 116 
indicates a more negative and rapid decrease in air temperature with elevation, while a 117 
weaker rate indicates less negative or even positive changes in air temperature with 118 
elevation. To assess the similarity of NSLRs among the months, weather types, and 119 
regions considered in the present work, Wilcoxon-Mann-Whitney test (Wilcoxon, 1945) 120 
was used. 121 
This study is the first attempt to investigate NSLR across CS with focus on assessing 122 
the seasonal and synoptic variability of this parameter over the major mountain ranges. 123 
The spatio-temporal analysis of NSLRs is strongly needed in Spain because the 124 
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complex terrain makes air temperature challenging to predict. In addition, this approach 125 
helps to improve hydrologic models and snow simulations what is particular useful in 126 
areas subject to water scarcity and desertification, as is the case of Spain (Vicente-127 
Serrano, 2007; García-Ruiz et al., 2011). The aims of the study are: (i) to define annual 128 
and seasonal NSLR reference values; (ii) to quantify the effect of seasonality and 129 
different weather types on NSLR at a regional scale; and (iii) to assess the uncertainty 130 
associated with the use of different reference NSLR, including the MELR (–6.5°C km–131 
1) and other NSLR defined in this study, based on seasonality and weather types. 132 
2. Data 133 
2.1 Study area 134 
CS is characterized by its complex topography, with many mountain ranges located 135 
within the area (Fig. 1). The average elevation of the entire CS is 688 m above sea level 136 
(m a.s.l.; standard deviation = 399 m), and the highest elevation point is the Mulhacén 137 
Peak (Baetic Range) at 3,479 m a.s.l. The climate of CS is mainly influenced by the 138 
Atlantic Ocean, the Mediterranean Sea, and its proximity to both subtropical and 139 
temperate air mass. The climatic conditions are mainly humid and temperate in the 140 
North Atlantic area (defined as Cf in the Köppen classification), and dry and warm in 141 
the remainder (Cs in the Köppen classification). Different climates occur depending on 142 
exposure to the Atlantic Ocean or the Mediterranean Sea, the continentality, and the 143 
complex topography of the region. Based on the variability of annual rainfall, 144 
Rodríguez-Puebla et al. (1998) identified four main precipitation regions across Spain: 145 
northwest, south-southwest, the Mediterranean coast, and the Cantabrian coast. Total 146 
annual precipitation ranges from more than 2,000 mm in the northern slopes of the 147 
Cantabrian Range, the Pyrenees and the Central Range to less than 400 mm in the driest 148 
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areas of the Baetic and the Iberian ranges (AEMET, 2011). In this study we analyzed 149 
the NSLR for the entire CS, with focus on its five major mountain ranges (Fig.1): (1) 150 
the Pyrenees, in the northeast; (2) the Cantabrian Range, in the northwest; (3) the 151 
Central Range, in the middle west; (4) the Baetic Range, in the southeast; and (5) the 152 
Iberian Range, in the middle east. The elevation ranges and distributions, and the size of 153 
the study area for the five mountain ranges are summarized in Table 1. 154 
2.2. Air temperature data and Digital Elevation Model 155 
Complete records of daily maximum and minimum near-surface (i.e., ∼1.5 m height) air 156 
temperature were obtained from the Spanish State Meteorological Agency (AEMET) 157 
database. A total of 3,950 air temperature series were available for the entire CS (the 158 
distribution of weather stations is shown in Fig. 1). Among them, 664 are located in the 159 
Pyrenees, 455 in the Cantabrian Range, 376 in the Central Range, 650 in the Baetic 160 
Range, and 390 in the Iberian Range. This is the densest network of weather stations 161 
available for calculating NSLR across CS. The majority of weather stations are located 162 
in the lower parts of valleys (< 1500 m a.s.l.), with < 5% being located high mountain 163 
areas (see the distribution in Fig. 1; and elevation ranges in Fig. 2). 164 
Near-surface air temperature data were obtained based on recommendations of the 165 
World Meteorological Organization (WMO, 2008) in relation to radiation shields and 166 
height above the ground. Two types of high quality thermometer that meet the WMO 167 
requirements for a measurement range of –30 to 50°C were used in the station network 168 
(Buisan et al., 2015b), and were protected from solar radiation by Stevenson radiation 169 
shields. Geographic variables (i.e., latitude, longitude and elevation) were derived from 170 
metadata supplied by the AEMET, and validated using geographical information 171 
systems (GISs). With the aim of maximizing long-term analysis and a good station 172 
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density, we analyzed the period from December 1979 to August 2015. The start and end 173 
dates for data acquisition from each station, and the number of data gaps varied over 174 
time, with the largest number of daily observations available since the 1990s (Fig. 2). A 175 
digital elevation model (DEM) having a pixel size of 900 square meters, derived from 176 
the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007), was used to 177 
calculate the distance of each weather station to the coast. The hydrographic network 178 
was obtained from the IECA website 179 
[https://www.juntadeandalucia.es/institutodeestadisticaycartografia/DERA/index.htm; 180 
last accessed 2 November 2017], which is derived from the World Map Vector 181 
(VMap0) developed by United States Defense Mapping Agency (USDMA, 2000). 182 
3. Methods 183 
3.1 Quality Control and Preprocessing 184 
Daily maximum and minimum near-surface air temperature data were subject to quality 185 
control to ensure data accuracy. Large weather station networks can contain data 186 
outliers introduced by errors during the conversion of manual records. Therefore, we 187 
applied the robust quality control procedure described by Tomás-Burguera et al. (2016), 188 
involving the removal of questionable records according to Durre et al. (2010). 189 
Following the quality control process a total of 21.21  106 daily maximum and 21.19  190 
106 daily minimum records were available covering the entire CS and its mountain areas 191 
for the December 1979 to August 2015 period. 192 
3.2 Circulation weather type classification 193 
Daily weather types over CS were determined using the Jenkinson and Collison (1977) 194 
classification, which is based on the Lamb’s weather type scheme (Lamb, 1972). This 195 
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method is based on daily sea level pressure (SLP) data from 16 grid points covering the 196 
entire Iberian Peninsula (Fig. 3). The SLP data were obtained from the NCEP-NCAR 197 
reanalysis (5º x 5º longitude – latitude) dataset (Basnett and Parker, 1997) 198 
[https://climatedataguide.ucar.edu/climate-data/ncar-sea-level-pressure, last accessed 2 199 
November 2017]. Equations and rules applied for 40ºN are: 200 
SF (Southerly Flow) = 1.305[0.25(p5 + 2 × p9 + p13) – 0.25(p4 + 2 × p8 + p12)] 201 
WF (Westerly Flow) = [0.5(p12 + p13) – 0.5 (p4 + p5)] 202 
ZS (Meridional Vorticity) = 0.85 × [0.25(p6 + 2 × p10 + p14) – 0.25(p5 + 2 × p9 +p13) 203 
– 0.25(p4 + 2 × p8 + p12) + 0.25(p3 + 2 × p7 + p11)] 204 
ZW (Zonal Vorticity) = 1.12 × [0.5(p15 + p16) – 0.5(p8 + p9)] – 0.91 × [0.5(p8 + p9) – 205 
0.5(p1 + p2)] 206 
F (Total Flow) = 0.5 × (SF2 + WF2) 207 
Z (Total Vorticity) = ZS + ZW 208 
, where: 209 
p is the sea level atmospheric pressure value (in hPa) at grid-point number position. 210 
Rules: 211 
(i) If |Z| is less than F, flow is essentially straight, corresponding to a Lamb directional 212 
type, e.g. W 213 
(ii) If |Z| is greater than 2F, then the pattern is strongly cyclonic or anticyclonic, 214 
corresponding to Lamb’s C (Cyclonic) and A (Anticyclonic) types. 215 
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(iii) If |Z| lies between F and 2F, then the flow in moderately cyclonic or anticyclonic, 216 
corresponding to a Lamb hybrid type, with the direction specified, e.g. CNW (Cyclonic 217 
– Northwest) 218 
(iv) If F is less than 6, there is light indeterminate flow, corresponding to Lamb’s U type 219 
(Unclassified) 220 
The Jenkinson and Collison’s weather type classification has been widely used and 221 
successfully applied to the Iberian Peninsula (e.g., Goodess and Palutikof, 1998; 222 
Spellman, 2000; Trigo and Dacamara, 2000; López-Moreno and Vicente-Serrano, 2007; 223 
to name but a few). The classification includes 27 circulation weather types (CWTs) 224 
including: unclassified (U); anticyclonic (A); cyclonic (C); 8 directional CWTs (N, NE, 225 
E, SE, S, SW, W and NW); and 16 hybrid cyclonic or anticyclonic and directional 226 
CWTs (CN, CNE, CE, CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, 227 
AW and ANW). To assess the relationships between CWTs and NSLR, the 16 hybrid 228 
CWTs were classified according to their directional flow following Trigo and 229 
DaCamara (2000), i.e. simplifying the interpretation of the results to 2 pure (A and C) 230 
and 8 directional (N, NE, E, SE, S, SW, W and NW) CWTs. We also defined a severe 231 
anticyclonic type (A+) as a third pure CWT in order to identify days having strong 232 
stability . A day was classified as Severe Anticyclonic (A+) if: (i) the day was classified 233 
as pure Anticyclonic (A), and (ii) SLP in p8 was > 1,030 mb. 234 
In addition, unclassified (U) days were reclassified by three rules based on SLP values 235 
of p8 gridpoint, following the procedure adopted by Rasilla et al. (2002): (i) if p8 < 236 
1,020 mb, the day was reclassified as pure Cyclonic (C); (ii) if p8 is between 1,020 and 237 
1,030 mb, the day was reclassified as pure Anticyclonic (A); (iii) if p8 > 1,030 mb, the 238 
day was reclassified as Severe Anticyclonic (A+). 239 
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3.3 Daily near-surface air temperature lapse rate (NSLR) 240 
The daily maximum near-surface air temperature lapse rate (NSLRdmax) and the daily 241 
minimum near-surface air temperature lapse rate (NSLRdmin) were calculated for each 242 
mountain range and for the entire CS. NSLRdmax and NSLRdmin were computed using all 243 
available simultaneous data (Fig. 2). The daily average number of weather stations used 244 
in the regression was: 279 in the Pyrenees; 179 in the Cantabrian Range; 150 in the 245 
Central Range; 275 in the Baetic Range; 167 in the Iberian Range; and 1,623 for the 246 
entire CS. The daily average equated to one weather station every 266 km2 in the 247 
Pyrenees, 362 km2 in the Cantabrian Range, 426 km2 in the Central Range, 337 km2 in 248 
the Baetic Range, 373 km2 in the Iberian Range, and 301 km2 throughout the entire CS. 249 
Figure 2 shows that lower elevation ranges (i.e., 0–500 m a.s.l. and 500–1000 m a.s.l.) 250 
were well represented, which contrast with the low density of weather stations at higher 251 
elevations for all mountain ranges. 252 
Following the procedure proposed by Rolland (2003), multiple regressions were used to 253 
compute daily maximum and minimum NSLRs from maximum and minimum air 254 
temperatures (Tmax and Tmin, respectively) of stations. Thus, it can be quantified the 255 
effect of elevation on air temperature without including other topographic and 256 
geographic variables (Bolstad et al., 1998; Blandford et al., 2008; Gardner et al., 2009). 257 
For calculating NSLRdmax and NSLRdmin, the elevation of each station along with other 258 
geographic variables including latitude, longitude, and distance to the sea were taken 259 
into account. The distance of each station to the nearest river (until order 4 according to 260 
Gravelius classic system, being order 1 the largest stream) was also recorded as a proxy 261 
in order to account for the influence of relative micro-topographic features, such as 262 
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thermal inversions and cold air pools (Lookingbill and Urban, 2003; Whiteman et al., 263 
2004). Equation 1 summarizes this methodology: 264 
Tmax’ and Tmin’ = a0 + a1Elev + a2Lat + a3Lon + a4Sea + a5Riv + e  (Eq. 1) 265 
where Tmax’ and Tmin’ are the maximum and minimum near-surface air temperatures, 266 
respectively (in °C); Elev, Lat, Lon, Sea, and Riv are the elevation above sea level (in m 267 
a.s.l.), latitude (in UTM), longitude (in UTM), distance to the sea (in km), and distance 268 
to the nearest river (in km), respectively; e is a regression error; and a1, a2, a3, a4, and a5 269 
are the regression coefficients, with a1 corresponding to the daily maximum (NSLRdmax) 270 
or minimum (NSLRdmin) lapse rate, following the procedure of Rolland (2003). 271 
Confidence intervals (95%) for each NSLRdmax and NSLRdmin were calculated. The 272 
mean daily average near-surface air temperature lapse rate (NSLRdmean) was obtained by 273 
averaging NSLRdmax and NSLRdmin. The NSLRdmean was computed on a daily basis and 274 
then grouped by months and CWTs, with the aim of developing reference NSLR values 275 
(i.e., 1 Zonal, 12 Monthly, 11 CWTs, and 132 Monthly–CWTs) from median values. 276 
The Wilcoxon-Mann-Whitney is a non-parametric statistic test that allows the 277 
comparison between two independent series to know the similarity between their 278 
distributions. In this work, we compare the total amount of daily NSLR, distributed by: 279 
(1) months in the same study area (396 combinations); (2) study areas in the same 280 
month (180 combinations); (3) CWTs in the same study area (396 combinations); and 281 
(4) study areas in the same CWTs (180 combinations). 282 
3.4. Near-surface lapse rate validation 283 
To quantify the accuracy of the proposed NSLR reference values, a validation process 284 
was applied. This was based on the use of potential temperature; i.e., the air temperature 285 
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at a common sea level reference applying lapse rates (Marsh, 2009). The following 286 
steps were applied: (i) the daily random selection of 20% of weather stations available 287 
for a subset of the study period (1981–2010). This subset period was chosen to adapt the 288 
analysis to a normalized climate period of 30 years; (ii) the sea level potential daily 289 
maximum and minimum air temperature was estimated for each of the randomly 290 
selected weather stations using a daily multiple regression model (Eq. 1), based on the 291 
other 80% of stations; (iii) sea level potential mean air temperature was calculated 292 
averaging sea level potential daily maximum and minimum air temperature data 293 
calculated (see step ii); and (iv) real elevation estimated air temperature was calculated 294 
to each station from the sea level potential mean air temperature by applying different 295 
NSLR proposed reference values (Zonal, Monthly, CWTs, and hybrid Monthly–CWTs 296 
NSLRs; explained in section 3.3), and the widely used MELR.  297 
Mean absolute error (MAE) statistics were calculated from the difference between real 298 
observed air temperature and estimated (see step iv above), and was summarized for 299 
winter (December–February: DJF), spring (March–May: MAM), summer (June–300 
August: JJA), and autumn (September–November: SON). 301 
4. Results 302 
4.1 Climatology of the NSLRdmean 303 
Figure 4 shows the daily mean air temperature lapse rate (NSLRdmean) across the CS and 304 
its mountain areas for December 1979–August 2015. We found a marked variability in 305 
daily values (measured as the standard deviation), and large differences between each of 306 
the five mountain areas and the CS. This variability ranged from 2.06°C km–1 for the 307 
Central Range to 1.40°C km–1 for the Pyrenees, being 1.15°C km–1 for the entire CS. 308 
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For the majority of days the daily NSLRdmean was weaker than the MELR, especially in 309 
the Pyrenees and the Iberian Range. The median daily zonal values (Table 2) were –310 
5.17°C km–1 for the Pyrenees, –5.22°C km–1 for the Cantabrian Range, –5.78°C km–1 311 
for the Central Range, –4.83°C km–1 for the Baetic Range, –5.79°C km–1 for the Iberian 312 
Range, and –5.28°C km–1 for the CS. The NSLRdmax and NSLRdmin values (see 313 
supplementary Figures S1-S2) showed larger daily variability than the NSLRdmean, while 314 
the median daily zonal values (see supplementary Tables S1-S2) showed steepest lapse 315 
rates for the NSLRdmax in the Pyrenees and the Central and the Iberian ranges, and for 316 
the NSLRdmin in the Cantabrian and the Baetic ranges. 317 
Figure 5 shows box-and-whisker plots of NSLRdmean for each month and for the various 318 
mountain areas, revealing clear differences among them. The Wilcoxon-Mann-Whitney 319 
test showed that there were significant differences (p < 0.05) among monthly NSLRdmean 320 
values for most of the combinations between months in each mountain area (351 of 396 321 
combinations). Except for the summer months in the Central Range, where the 322 
NSLRdmean values were very similar to the MELR, the other months showed lapse rates 323 
noticeably weaker than –6.5°C km–1. In the Pyrenees and the Central and the Iberian 324 
ranges, the steepest monthly NSLRdmean values occurred in summer and spring (May–325 
September), weakening in autumn and winter. In contrast, the steepest monthly 326 
NSLRdmean values for the Cantabrian and the Baetic ranges were recorded in the coldest 327 
months (i.e., November–February), while decreased in spring and summer. The CS 328 
showed the steep NSLR value during each equinoctial seasons (i.e, April–May and 329 
October–November), being of lesser magnitude in winter and summer (i.e., December–330 
January and July–August). The Iberian Range recorded the least seasonal variability, 331 
and the Central Range the greatest. The winter months were typically more variable 332 
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than those in summer. The median monthly NSLR values (Table 2) showed that the two 333 
most extreme months for each mountain range were: April (–5.71°C km–1) and 334 
December (–4.16°C km–1) for the Pyrenees; February (–6.03°C km–1) and July (–4.02°C 335 
km–1) for the Cantabrian Range; June (–6.71°C km–1) and December (–3.92°C km–1) for 336 
the Central Range; November (–5.59°C km–1) and July (–3.03°C km–1) for the Baetic 337 
Range; and April (–6.28°C km–1) and December (–5.28°C km–1) for the Iberian Range. 338 
CS had the steepest median monthly NSLRdmean in April (–5.80°C km–1) and the 339 
weakest in July (–4.67°C km–1). A separate analysis of NSLRdmax and NSLRdmin 340 
revealed that the seasonality was less marked for NSLRdmin, especially for the 341 
Cantabrian Range and the CS (see supplementary Figures S3-S4). Median monthly 342 
values of NSLRdmax and NSLRdmin were also calculated and can be found in the 343 
supplementary Tables S1-S2. 344 
4.2 Synoptic NSLRdmean analysis 345 
The weather type classification revealed that the most frequent CWTs (Fig. 6) were the 346 
A (23.4%, 85.8 days yr–1) and C (17.4%, 63.8 days yr–1) aggregated types, followed by 347 
the N type (11.1%, 40.6 days yr–1). The less frequent CWTs were the S (3.3%, 12 days 348 
yr–1) and the A+ (3.8%, 13.8 days yr–1) types. Summer months were influenced by the 349 
N, NE, A and C types, whereas in winter the occurrence of CWTs varied, with the A+ 350 
and the W advections being the most frequent ones. 351 
The Wilcoxon-Mann-Whitney test identified significant differences (p < 0.05) in 352 
NSLRdmean amongst the CWTs for the majority of combinations between CWTs in each 353 
mountain area (347 of 396 combinations). Figure 7 shows that the steepest NSLRdmean 354 
occurred with the N, NE, and NW weather types for the majority of mountain ranges 355 
and the CS. In contrast, the weakest NSLRdmean took place under the A+ and A types, 356 
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and southerly advections (S and SE). An exception to this pattern occurred in the 357 
Cantabrian Range, where the steepest NSLRdmean corresponded to the SW and W 358 
advections. In the case of the Baetic Range the A and A+ types did not reduce the 359 
NSLRdmean, as occurred for the rest of mountain areas. 360 
The NSLRdmean for each CWTs and regions are shown in Table 2, being the extreme 361 
values as follows: the Pyrenees (N –5.75 °C km–1, A+ –3.55 °C km–1); the Cantabrian 362 
Range (SW –7.07 °C km–1, SE –3.65 °C km–1); the Central Range (N –6.70 °C km–1, 363 
A+ –2.29 °C km–1); the Baetic Range (NW –5.69 °C km–1, A –4.32 °C km–1); the 364 
Iberian Range (NE –6.83 °C km–1, S –4.57 °C km–1). CS had the steepest NSLRdmean 365 
with the NW type (–6.10 °C km–1) and the weakest with the A+ type (–4.30°C km–1). 366 
The variability of NSLRdmean was similar for all CWTs, except for A and A+ situations 367 
showing large standard deviations values. The behavior of the NSLRdmax and NSLRdmin 368 
(see supplementary Figures S5-S6) was similar, with less variability for the NSLRdmin 369 
values. Median values for NSLRdmax and NSLRdmin under the different CWTs were also 370 
calculated (see supplementary Tables S1-S2). 371 
4.3 Combined monthly synoptic analysis 372 
Figure 8 shows the differences in NSLRdmean values for all possible combinations of 373 
CWTs and months. These values can be considered to be reference values for NSLR, 374 
and 132 Monthly–CWTs combinations are being proposed here as reference values for 375 
each study area. In the vast majority of cases NSLRdmean values were weaker than the 376 
MELR value (–6.5°C km–1). In addition, it was observed that steepest NSLRdmean values 377 
tended to occur in spring and early summer months (i.e., April–June), and in autumn 378 
(i.e., September–November), associated with northerly CWTs (principally N and NW) 379 
and atmospheric instability across CS. On the contrary, the weakest NSLRdmean values 380 
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occurred in summer (i.e., June–August) and winter (i.e. December-January), associated 381 
with southerly (S) and anticyclonic (A and A+) CWTs, respectively, with stable 382 
atmospheric conditions dominating across the CS. In particular, the Cantabrian and the 383 
Baetic ranges also exhibited very weak NSLRdmean values under all possible CWTs in 384 
summer months. Figure 8 shows the accuracy of the proposed values (at the 95% 385 
confidence interval), which was determined from goodness of fit to the model 386 
regression and the number of stations involved in the calculation (bolded values in Fig. 387 
8 imply < ±1.0°C km–1). The Central Range was the most difficult region for defining a 388 
NSLRdmean value (~ ±1.6°C km
–1), with the Baetic Range being the easiest one (~ 389 
±0.9°C km–1). The CS showed a low absolute error (~ ±0.4°C km–1) as a result of the 390 
large number of stations and the robustness of the regression models. In terms of 391 
uncertainty, the southerly (S, SE) and anticyclones (A, A+) CWTs displayed the largest 392 
values while the northerly (N, NW) CWTs showed the lowest ones. Finally, the median 393 
NSLRdmax and NSLRdmin values for all possible combinations of CWTs and months 394 
were calculated and are provided in the supplementary Figures S7–S8. 395 
4.4 Proposed reference NSLRdmean values and validation 396 
Table 2 shows our proposal of Zonal, Monthly, and CWTs reference NSLRdmean values 397 
(Table 2) for CS and the major mountain ranges. 398 
The accuracy of the proposed NSLRdmean values is shown in Table 3 for each study area 399 
and season. The fixed MELR and Zonal NSLR displayed the largest errors in all study 400 
areas, while the hybrid Monthly–CWTs showed the smallest errors. For the Cantabrian 401 
and the Iberian ranges the proposed monthly values were associated with larger errors 402 
than the proposed CWTs values, which contrasts to the findings for the Central and the 403 
Baetic ranges. Both Monthly and CWTs values were similar for the Pyrenees, which 404 
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showed the smallest errors, whereas the largest errors were found for the Central and the 405 
Iberian ranges. Seasonally, the MAE values revealed marked differences, which were 406 
largest for the fixed lapse rates (MELR and Zonal). 407 
5. Discussion 408 
Near-surface air temperature lapse rates based on records of daily averages (NSLRdmean) 409 
were analyzed for the major mountain ranges in continental Spain. Our results found 410 
spatial changes in NSLRdmean as a function of the month of the year and synoptic 411 
conditions (i.e., CWTs). The weather station network used in this study included a large 412 
number of weather stations at elevation ranges from 0 to 1500 m a.s.l, but with few 413 
number of stations above 1500 m a.s.l. The lack of high elevation stations is a common 414 
problem in many previous studies (e.g., Blöschl, 1991; Rolland, 2003; Benavides et al., 415 
2007; Du et al., 2017). Thus, our results are robust for interpolating air temperatures at 416 
low and medium elevations, whereas lapse rate values for high elevation mountain areas 417 
have to be interpreted with caution. For instance, low humidity and katabatic winds 418 
could markedly affect the slope of NSLRs (Heynen et al., 2016) in areas of complex 419 
topography at high elevations. Therefore, the increase in the density of high-elevation 420 
stations would help to overcome this limitation over mountainous areas. 421 
Previous studies have reported a strong inverse relationship between elevation and mean 422 
annual air temperature (Barry and Chorley, 1987), highlighting the strength of our 423 
methodological approach to calculate NSLR based on changes in elevation. Overall, we 424 
found that the NSLRdmean (–5.28°C km–1) was weaker than the standard MELR value (–425 
6.5°C km–1), which is widely used in the scientific literature; this suggests that the use 426 
of the MELR to interpolate near-surface air temperatures may lead to large inaccuracies, 427 
particularly over high-elevation mountain ranges. Additionally, we found large 428 
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differences in NSLRdmean values among the studied mountain ranges (the Pyrenees: –429 
5.17°C km–1; the Cantabrian Range: –5.22°C km–1; the Central Range: –5.78°C km–1; 430 
the Baetic Range: –4.83°C km–1; and the Iberian Range: –5.79°C km–1), and also in the 431 
accuracy (standard deviation) of the estimated averages (the Pyrenees: 1.40°C km–1; the 432 
Cantabrian Range: 1.73°C km–1; the Central Range: 2.06°C km–1; the Baetic Range: 433 
1.53°C km–1; the Iberian Range: 1.64°C km–1; and CS: 1.15°C km–1). Differences in the 434 
slope of NSLRdmean and its variability might be due to the degree of continentality and 435 
its effect on prevailing atmospheric conditions for each mountain region. This 436 
phenomenon has been previously reported for polar (Marshall et al., 2007) and Chinese 437 
(Fang and Yoda, 1988; Li et al., 2013) areas; in the latter case especially for mountain 438 
ranges receiving less radiation in the northern slopes (Lookingbill and Urban, 2003), as 439 
quantified by McCutchan et al. (1986). Thus, dry continental conditions (e.g., in the 440 
Central and the Iberian ranges) resulted in the highest Zonal NSLRdmean values, whereas 441 
the increased moisture and exposure to oceanic winds and cloudiness in lowland areas 442 
might lead to a reduced Zonal NSLRdmean, as occurred for the Baetic and the Cantabrian 443 
ranges (Capel Molina, 2000). The Pyrenees may present an intermediate pattern, with 444 
oceanic/sea influences in the westernmost and easternmost areas, and continental 445 
influences (albeit prone to severe winter thermal inversions) in the central area. 446 
Regional topography is a key element in understanding the behavior of near-surface air 447 
temperature lapse rates. Beyond the mean annual NSLRdmean values, it is imperative to 448 
consider their temporal variability (Bolstad et al., 1998; Minder et al., 2010). Our results 449 
showed a marked seasonality for the entire CS, and also for each of the 5 mountain 450 
areas analyzed. The results for CS showed that the steepest NSLRdmean occurred in the 451 
equinoctial seasons (autumn and spring), and decreased in winter and summer. The cold 452 
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season is typically found to be associated with weak NSLRdmean values, because of the 453 
prevalence of stable atmospheric conditions and the development of thermal inversions 454 
(Blöschl, 1991; Bolstad et al., 1998; Tang and Fang, 2006; Marshall et al., 2007; 455 
Blandford et al., 2008; Gardner et al., 2009; Kattel et al., 2013). Our results for thermal 456 
inversions are consistent with the findings at local scales reported for the Pyrenees by 457 
Pagès and Miró (2010) and Puigdefábregas (1969), who identified a marked weakening 458 
of NSLRs under anticyclonic conditions. In the majority of the analyzed mountain areas 459 
the steepest NSLRdmean values were found in spring, which is consistent with previous 460 
studies in the Alps (Dumas, 2013; Kirchner et al., 2013), the Pennines (Pepin, 2001), 461 
and the Rocky Mountains (Pepin and Seidel, 2005; Blandford et al., 2008). This 462 
behavior might be due to the persistence of snow cover at highest stations in winter and, 463 
occasionally, in spring due to heat exchange and albedo as previously proposed by 464 
Rolland (2003), Pepin and Kidd (2006) or Pagès et al. (2017). In the mountain area 465 
nearest to the ocean (the Cantabrian Range), the weakest NSLRdmean occurred in 466 
summer. This might be associated with the local synoptic effects in summer months, in 467 
which northerly flows result in low stratiform clouds along the coastal fringe. This also 468 
occurred for the Baetic Range, but over this mountain are this could be related to the 469 
heat in the warm inland valleys, beyond the coastal and temperate locations. Generally, 470 
the variability of NSLRdmean values was great in winter for all mountain ranges because 471 
the occurrence of both stable and unstable atmospheric circulations. 472 
We also found that weather types have a significant impact on the NSLRdmean. This 473 
finding, particularly for the Pyrenees and the Central Range, is consistent with previous 474 
studies showing that the most stable weather types (i.e., anticyclonic situations) are 475 
associated with the lowest NSLRdmean values, mainly because of the high occurrence of 476 
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thermal inversions (Pepin and Kidd, 2006; Marshall et al., 2007), whereas the highest 477 
NSLRdmean values occur under unstable synoptic conditions (Kirchner et al., 2013) with 478 
cold air in the mid- to high-layers of the troposphere. We also found extreme high 479 
pressures (A+) were associated with very weak NSLRdmean values. In contrast, northerly 480 
weather types showed the steepest NSLRdmean values, consistent with previous studies in 481 
Europe (Pepin, 2001; Holden and Rose, 2011), and Antarctica (southern hemisphere) 482 
(Braun and Hock, 2004). Northerly situations bring cold air masses over the CS, in 483 
particular at high mountain elevations, resulting in increased NSLRdmean values. As an 484 
exception, the steepest NSLRdmean values occur under SW flows in the Cantabrian 485 
range, where the Foehn effect causes an overheating along the coast. Other atmospheric 486 
parameters such as wind, humidity, and atmospheric pressure can also affect the 487 
NSLRdmean (Blandford et al., 2008; Dumas, 2013; Li et al., 2013; Immerzeel et al., 488 
2014), and are directly related to the prevailing synoptic conditions. Future studies will 489 
be directed towards improving our understanding of the effect of these atmospheric 490 
parameters on the NSLRdmean. However, the complexity of CS suggests that the relative 491 
impact of each atmospheric parameter may vary spatially. 492 
Here we also proposed reference NSLRdmean values as a function of the time of the year, 493 
circulation weather types (CWTs) and study area. For instance, the combinations of 494 
months and CWTs revealed that the effects of the northwest CWT is not the same in 495 
January and August. In addition, the analysis of confidence intervals enabled the 496 
estimation of uncertainty. In some study areas the seasonality tended to have a large 497 
effect (e.g. the Baetic Range), while in others the NSLRdmean values were more 498 
influenced by synoptic conditions (e.g., the Cantabrian Range). The results and 499 
reference values obtained in this study are not necessarily representative for other 500 
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regions, as there was large spatial, seasonal, and synoptic variability, and local factors 501 
can play a key role (Nunez and Calhoun, 1986; Pepin and Seidel, 2005; Marshall et al., 502 
2007). However, the approach presented can serve as guide to improving estimates of 503 
NSLRdmean in other regions. 504 
Validation of the reference NSLR results showed that the MAE decreased for Monthly, 505 
CWTs and hybrid Monthly–CWTs. In this context, Marshall et al. (2007) and Minder et 506 
al. (2010) not recommended the use of fixed lapse rates. The study areas showing large 507 
variability in NSLRdmean, corresponded to regions with high MAE. In this regard 508 
seasonal differences were marked, especially between winter (i.e., December–February) 509 
and equinoctial seasons (i.e., March–June; September–November). This is because 510 
synoptic conditions can usually change from one day to the other in winter, while 511 
atmospheric instability tends to dominate in spring and autumn. There were no large 512 
differences between the proposed Monthly and CWTs NSLRs in the validation process. 513 
The best approach was the proposed hybrid Monthly-CWTs NSLRs. In cases where the 514 
proposed reference CWTs values had lower MAEs than monthly values, synoptic 515 
conditions better explained the near-surface air temperature lapse rates than seasonal 516 
ones, and vice versa. 517 
In any case, MAE values were large (until ~1.8°C), which indicates that although the 518 
estimates of air temperature took account of latitude, longitude, distance to the sea, and 519 
topographic position, others factors could also influence the spatial distribution of near-520 
surface air temperatures (Lookingbill and Urban, 2003). Mountainous areas represent 521 
unique environments for detecting climate change and its impacts. Modeling plays a key 522 
role in the prediction and amelioration of future climate scenarios, facilitating response 523 
actions and preparing the society for change. Improvements in determining near-surface 524 
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temperature lapse rates will help reduce uncertainties in any modeling involving the use 525 
of climatic variables, such as hydrological models and mass balance snow and glacier 526 
simulations. 527 
6. Conclusion 528 
The major findings of the spatio-temporal analysis of near-surface air temperature lapse 529 
rates for continental Spain and its five most important mountain regions for December 530 
1979 to August 2015 are: 531 
- Near-surface air temperature lapse rates based on daily mean air temperatures 532 
(NSLRdmean) were weaker than the standard Mean Environmental Lapse Rate 533 
(MELR) value of –6.5°C km–1, which is commonly used for interpolating and 534 
extrapolating air temperatures. Moreover, the NSLRdmean varied spatially and 535 
seasonally, and depended on the prevailing synoptic conditions. All median 536 
NSLRdmean were weaker than –6.5°C km–1, and ranged from –4.83°C km–1 for 537 
the Baetic Range to –5.79°C km–1 for the Iberian Range. The median NSLRdmean 538 
was –5.28°C km–1 for CS. The steepest NSLRdmean values occurred in spring and 539 
autumn for CS, in spring and early summer for the Pyrenees and the Central and 540 
Iberian ranges, and in autumn and early winter for the Cantabrian and the Baetic 541 
ranges. 542 
- Anticyclonic and southerly circulation weather types (CWTs) favored thermal 543 
inversions and the weakening of the NSLRdmean. Northerly weather types 544 
enhanced steep NSLRs. The same response of NSLRdmean values to CWTs was 545 
found for all study areas, except for the weakening effect of high pressure 546 
circulations on NSLRdmean values which was less pronounced in the mountain 547 
areas close to oceanic air masses (e.g., the Baetic and the Cantabrian ranges). 548 
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- Fixed lapse rates such as the MELR and Zonal lapse rates are not recommended 549 
because of the large residuals found. Therefore, we strongly encourage the use 550 
of well-defined Monthly–CWTs lapse rates for future applications. 551 
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 743 
FIGURES 744 
 745 
Figure 1. Terrain map of continental Spain (CS) showing the location of weather stations (black dots) used in 746 
this study; red boxes and numbers show to the mountain areas analyzed: (1) Pyrenees; (2) Cantabrian Range; 747 
(3) Central Range; (4) Baetic Range; and (5) Iberian Range. 748 
 749 
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 750 
Figure 2. Number of weather stations having daily air temperature data as a function of elevation range. 751 
Mountain ranges were represented on the left y axis. Total amount of Continental Spain was represented on 752 
the right y axis. 753 
 754 
 755 
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 756 
Figure 3. Grid of sea level pressure (SLP) points used to classify the Circulation Weather Types (CWTs) over 757 
the Iberian Peninsula. 758 
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 759 
Figure 4. Daily mean near-surface air temperature lapse rate (NSLRdmean°C km–1). Dark colored lines show 760 
the 30-day running average. Dashed red lines show the standard and fixed mean environmental lapse rate 761 
(MELR) of –6.5°C km–1. SD: standard deviation. 762 
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763 
Figure 5. Monthly box-and-whisker plots of daily mean near-surface air temperature lapse rate (NSLRdmean: 764 
°C km–1) for the five mountain ranges and the entire CS. Dashed red lines show the standard and fixed mean 765 
environmental lapse rate (MELR) of –6.5°C km–1. The median (black line), 25th and 75th percentile ranges 766 
(boxes), 75th + 1.5IQR (upper whisker), 25th - 1.5IQR (bottom whisker), and the extreme values (> 75th + 767 
1.5IQR and < 25th – 1.5IQR) are represented. 768 
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 769 
Figure 6. Frequency (in number of days per year; days yr–1) of synthetized circulation weather types (CWTs), 770 
based on Jenkinson and Collison (1977) classification for December 1979–August 2015. 771 
 772 
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 773 
Figure 7. Variability in the daily mean near-surface air temperature lapse rate (NSLRdmean: °C km–1) for 774 
various synthetized circulation weather types (CWTs). Dashed red lines show the standard and fixed mean 775 
environmental lapse rate (MELR) of –6.5°C km–1. The median (black line), the 25th and 75th percentile range 776 
(boxes), 75th + 1.5IQR (upper whisker), 25th - 1.5IQR (bottom whisker), and the extreme values (> 75th + 777 
1.5IQR and < 25th – 1.5IQR) are represented. 778 
 779 
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 780 
Figure 8. Monthly median daily mean near-surface air temperature lapse rate (NSLRdmean: °C km–1) for 781 
different months and synthetized circulation weather types (CWTs). Accuracy ± 1 °C (95% confidence 782 
interval) is represented by bold values. 783 
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 784 
Table 1. Elevations and dimensions of the study areas.  785 
STUDY AREA DIMENSIONS 
ELEVATION 
RANGES 
(m a.s.l.) 
ELEVATION DISTRIBUTION (m a.s.l., in %) 
< 500 
500 
to 1000 
1000 
to 1500 
1500 
to 2000 
2000 
to 2500 
> 2500 
Pyrenees 
412  80 km 
(≈ 75,000 km2) 
Coastline (0) 
Aneto Peak (3404) 
43.62 29.97 13.02 7.54 4.85 1.00 
Cantabrian 
Range 
300  216 Km 
(≈ 65,000 km2) 
Coastline (0) 
Torre Cerredo Peak 
(2648) 
13.96 57.75 22.28 5.77 0.24 In. 
Central 
Range 
320  200 km 
(≈ 65,000 km2) 
Tagus river (190) 
Almanzor Peak 
(2592) 
14.71 65.55 16.28 3.13 0.33 In. 
Baetic 
Range 
320  290 km 
(≈ 93,000 km2) 
Coastline (0) 
Mulhacén Peak 
(3479) 
23.28 56.73 16.00 3.20 0.55 0.24 
Iberian 
Range 
160  90 and 240  
200 km 
(≈ 65,000 km2) 
Coastline (0) 
Moncayo Peak 
(2314) 
14.16 38.73 42.72 4.37 0.02 0 
 786 
Table 2. Proposed Monthly and CWTs near-surface air temperature lapse rate (NSLR: °C km–1) reference 787 
values. 788 
ZONAL REFERENCE Near-surface air temperature lapse-rate (NSLRdmean) 
 Pyrenees 
Cantabrian 
Range 
Central Range Baetic Range Iberian Range 
Continental 
Spain 
Zonal –5.17 –5.22 –5.78 –4.83 –5.79 –5.28 
MONTHLY REFERENCE Near-surface air temperature lapse rate (NSLRdmean) 
Month Pyrenees 
Cantabrian 
Range 
Central Range Baetic Range Iberian Range 
Continental 
Spain 
Jan -4.33 -6.02 -4.10 -5.28 -5.49 -5.16 
Feb -4.97 -6.03 -4.98 -5.58 -5.88 -5.50 
Mar -5.22 -5.80 -5.48 -5.17 -6.00 -5.47 
Apr -5.71 -5.60 -6.28 -5.36 -6.28 -5.80 
May -5.66 -5.12 -6.51 -4.83 -6.19 -5.58 
Jun -5.45 -4.25 -6.71 -3.94 -5.99 -5.09 
Jul -5.21 -4.02 -6.36 -3.03 -5.44 -4.67 
Aug -5.19 -4.28 -6.01 -3.58 -5.45 -4.78 
Sep -5.34 -4.74 -5.82 -4.79 -5.80 -5.39 
Oct -5.21 -5.57 -5.29 -5.31 -5.79 -5.54 
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Nov -4.72 -5.82 -4.78 -5.59 -5.78 -5.47 
Dec -4.16 -5.93 -3.92 -5.42 -5.28 -5.15 
SYNOPTICAL REFERENCE (by Circulation Weather Types CWT) Near-surface air temperature lapse rate (NSLRdmean) 
CWT Pyrenees 
Cantabrian 
Range 
Central Range Baetic Range Iberian Range 
Continental 
Spain 
N -5.75 -5.82 -6.70 -5.29 -6.81 -5.91 
NE -5.52 -5.04 -6.43 -4.62 -6.83 -5.63 
E -5.16 -4.20 -5.85 -4.86 -6.25 -5.49 
SE -4.55 -3.65 -4.85 -5.31 -5.34 -5.02 
S -4.63 -5.58 -4.98 -5.08 -4.57 -4.98 
SW -5.00 -7.07 -5.39 -4.65 -5.09 -5.37 
W -5.58 -6.92 -5.97 -5.23 -6.06 -5.88 
NW -5.71 -6.45 -6.52 -5.69 -6.63 -6.10 
C -5.20 -4.81 -6.13 -4.84 -5.63 -5.15 
A -4.79 -4.62 -4.92 -4.32 -5.25 -4.79 
A+ -3.55 -4.87 -2.29 -4.58 -4.97 -4.30 
 789 
 790 
Table 3. MAEs (°C) derived for the proposed NSLRs by season, based on 20% of the stations. 791 
Mean Absolute Error (MAE, in ºC) derived of proposed NSLR application by seasons (test: 20% of stations) 
NSLR 
PYRENEES CANTABRIAN R. 
D–J–F M–A–M J–J–A S–O–N Mean D–J–F M–A–M J–J–A S–O–N Mean 
MELR 1.90 1.33 1.42 1.49 1.54 1.68 1.62 2.06 1.64 1.75 
ZONAL 1.62 1.25 1.27 1.30 1.36 1.68 1.49 1.64 1.51 1.58 
MONTHLY 1.58 1.23 1.26 1.29 1.34 1.64 1.49 1.52 1.49 1.54 
CWT 1.57 1.23 1.27 1.28 1.34 1.60 1.41 1.55 1.42 1.50 
MON - 
CWT 1.53 1.21 1.26 1.26 1.32 1.55 1.39 1.46 1.40 1.45 
NSLR 
CENTRAL R. BAETIC R. 
D–J–F M–A–M J–J–A S–O–N Mean D–J–F M–A–M J–J–A S–O–N Mean 
MELR 2.55 1.56 1.50 1.87 1.87 1.61 1.66 2.18 1.54 1.75 
ZONAL 2.21 1.58 1.59 1.69 1.77 1.52 1.51 1.70 1.42 1.54 
MONTHLY 2.02 1.51 1.49 1.65 1.67 1.50 1.51 1.58 1.40 1.50 
CWT 2.02 1.51 1.54 1.63 1.68 1.50 1.49 1.71 1.42 1.53 
MON - 
CWT 1.82 1.45 1.48 1.56 1.58 1.47 1.48 1.56 1.39 1.48 
NSLR 
IBERIAN R. CONTINENTAL SPAIN 
D–J–F M–A–M J–J–A S–O–N Mean D–J–F M–A–M J–J–A S–O–N Mean 
MELR 2.08 1.59 1.67 1.66 1.75 1.72 1.53 1.81 1.52 1.65 
ZONAL 1.95 1.59 1.58 1.59 1.68 1.60 1.47 1.63 1.43 1.53 
MONTHLY 1.92 1.57 1.57 1.59 1.66 1.60 1.46 1.61 1.43 1.53 
CWT 1.82 1.51 1.59 1.52 1.61 1.57 1.44 1.63 1.42 1.52 
MON - 
CWT 1.78 1.48 1.54 1.50 1.58 1.56 1.43 1.60 1.41 1.50 
 792 
